INTRODUCTION
Many coastal invertebrates and fish have complex life cycles in which larvae develop in water over the continental shelf. During this period larval mortality is generally high (Rumrill 1990) , and a potentially important source of mortality is the transport of larvae away from settlement sites, so that at the end of development, suitable habitat is unavailable, e.g. 'larval wastage' (Thorson 1950) .
ABSTRACT: Larval supply affects the structure of marine communities. Cross-shelf transport of larvae by upwelling and downwelling may cause variation in larval supply. We tested the hypothesis that slowswimming bivalve larvae are swept offshore during upwelling and shoreward during downwelling. We sampled a transect at Duck, North Carolina during a period when currents shifted from upwelling to downwelling and back to upwelling. During each shift, nearshore water was exchanged with offshore water and currents were 10 to 100 times faster than larval swimming speeds. Larval Spisula solidissima and Ensis directus were found below the thermocline and, contrary to prediction, were swept onshore during upwelling and offshore during downwelling. When S. solidissima larvae were found above the thermocline, cross-shelf transport was as predicted. Larval Tellina spp. and Mulinia lateralis remained within 5 km of shore despite cross-shelf currents and the exchange of nearshore waters with offshore waters. They did not behave as passive particles; they were not swept offshore by upwelling or onshore by downwelling. For these taxa the hypothesis was rejected. These larvae may have remained close to shore by using behaviors analogous to those displayed by animals concentrated at convergent fronts. Given the relatively slow swimming speed of bivalve larvae, there is no reason to expect that any larval type is swept offshore by upwelling. The effect of upwelling and downwelling on larval distributions varies with larval behavior and vertical distribution. Without careful sampling, one cannot invoke offshore transport of larvae by upwelling as a cause of variations in larval settlement.
KEY WORDS: Larval dispersal · Larval transport · Oceanography · Supply-side ecology · Bivalve larvae · Downwelling
Resale or republication not permitted without written consent of the publisher
A typical bivalve veliger (a slow swimming larva). According to the current paradigm, larvae should be swept offshore by coastal upwelling and onshore by downwelling. We observed that bivalve larvae of some taxa remained near the coast despite upwelling and downwelling, while larvae of other taxa were transported onshore during downwelling and offshore during upwelling.
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Variations in the supply of settling larvae can have a major impact on the structure and dynamics of nearshore communities (Underwood 1981 , Underwood & Denley 1984 , Gaines et al. 1985 , Menge 1991 , Underwood & Chapman 1996 and can play an overriding role in controlling population dynamics within a species (Gaines & Bertness 1994) . Hence, the causes of variations in larval supply have become the focus of much marine ecological research. Numerous papers have been published on this subject addressing socalled 'supply-side ecology' or 'bottom-up effects' of larval supply (Connell 1985 , Underwood & Fairweather 1988 , Menge et al. 1997 , Menge 2000 . The growing understanding of the importance of larval supply to the ecology of coastal communities has prompted benthic ecologists to focus on the causes of variation in larval supply. Researchers have attempted to relate larval supply to coastal oceanography, with variations in larval supply controlled by larval wastage. Wind-driven coastal upwelling and downwelling events have been a particular focus of this research. Researchers believe that during upwelling offshore flow in the surface layer (the Ekman layer) carries larvae so far from shore that they cannot return to settle, resulting in high larval wastage (Alexander & Roughgarden 1996 , Connolly & Roughgarden 1999 , Connolly et al. 2001 . Researchers have argued that in areas of persistent upwelling, community processes and structure in the intertidal zone reflect the consequences of low larval settlement (Roughgarden et al. 1988 , Alexander & Roughgarden 1996 , Connolly & Roughgarden 1999 , Broitman et al. 2001 , Connolly et al. 2001 . In wind-driven downwelling the reverse occurs: larvae in the surface layer are carried to shore, leading to high settlement (Farrell et al. 1991) . In this dispersal scenario, larvae behave as passive particles carried along with the flow. Given that swimming speeds of many larval types (generally mm/s) are much slower than flow rates in the Ekman layer (generally cm/s) (Barber & Smith 1981 , Chia et al. 1984 , this is not an unreasonable assumption.
This hypothesis is intuitively appealing, but few studies have actually tested it. Roughgarden et al. (1988) reported that under the influence of coastal upwelling, larvae of an intertidal barnacle were carried offshore, that the amount of offshore transport varied with the strength of upwelling, and that variations in upwelling were correlated with variations in settlement at the shore. In contrast, Poulin et al. (2002) in a study in Chile found that larvae of an intertidal gastropod remained close to shore despite upwelling. The hypothesis that upwelling and downwelling currents affect larval dispersal has had a large influence on the thinking of marine ecologists, yet surprisingly little effort has gone into testing this hypothesis.
We tested the hypothesis that larvae are swept offshore during upwelling and shoreward during downwelling. We sampled bivalve larvae, slow-swimming ciliated larvae that should be particularly susceptible to transport by wind-driven currents. Samples and oceanographic data were collected off Duck, North Carolina along a transect perpendicular to shore over 1 wk during which currents shifted from upwelling to downwelling and then back to upwelling. Results demonstrate that cross-shelf transport is dependent on the vertical distribution of larvae in the water column and their behavior. Larvae of some species of bivalves actually remained close to shore despite upwelling and downwelling.
MATERIALS AND METHODS
The fieldwork for this study took place between 21 and 27 August 1994. On 5 d during this period we sampled a transect centered on the Army Corps of Engineers Field Research Facility (FRF) at Duck, North Carolina, USA (Fig. 1) . The coast to the north and south of the transect is characterized by relatively simple submarine and coastal topography. It was hoped that this would minimize topographically induced along- Redrawn from Garland et al. (2002) shore variations in the oceanography. The transect was oriented perpendicular to the coast and extended 20 km offshore. Samples were collected at 4 or 6 stations (1, 2, 4, 9, 14 and 19 km offshore); the 1 and 19 km stations were not sampled on 23 August due to rough seas (see Table 1 ).
At each station, a SeaBird 911 ConductivityTemperature-Depth (CTD) cast was made. Simultaneous with the CTD cast, an Acoustic Doppler Current Profiler (ADCP) was used to measure the vertical profile of currents. The currents were measured with an RDI 1.2 MHz narrow-band instrument mounted on a catamaran that held the transducer at a depth of 0.4 m. Velocity profiles were made with a vertical resolution of 1 m and recorded at 1 to 2 Hz while the ship held position for the CTD cast. A detailed description of the collection and processing of the physical oceanographic data can be found in Waldorf et al. (1995) .
Plankton samples were collected with a centrifugal pumping system. A 5 cm diameter hose was connected to the CTD rosette and a deck-mounted pump. Output from the CTD provided information on the depth from which each sample was collected. Water from the pump was passed through a 100 µm mesh net suspended in a large tub of water. The pumping rate was 227 l min -1 , and 680 l were sampled at each depth. Sampling depths were selected based upon the water depth. At the shallowest stations (1 km from shore and <10 m depth) samples were collected a couple of meters above the bottom and below the surface (Table 1) . At stations 2 km from shore 3 or 4 depths were samples (Table 1) . At all other stations, 3 to 5 depths were sampled (Table 1) . Whenever possible, samples were collected within the mixed layer, in the thermocline, and between the thermocline and the bottom. Samples were preserved in buffered formalin.
In the laboratory, each sample was washed free of formalin on a 53 µm sieve, transferred to a 250 ml beaker, and, with the aid of an electronic balance, made up to 200 ml (200 g). The sample was homogenized by vigorous haphazard stirring, and a 12 ml subsample was removed with a Stempel pipette (Peterson et al. 1979 , Omori & Ikeda 1984 . Multiple 12 ml subsamples were counted until at least 100 individuals of the most common organisms were enumerated. This yielded a sample standard deviation of ca. 10% for the most abundant organisms (including the subjects of this study) and between 10 and 20% for the less common species (Venrick 1978) . To test the subsampling technique, we compared the number of organisms in 4 samples by subsampling and by counting the entire sample. No statistically significant differences p > 0.05) were found between the concentrations of organisms determined by the 2 methods, indicating that the subsampling technique adequately described the samples.
The plankton samples were sorted under a dissecting microscope equipped with polarizing filters. The filters were placed between the sample and the light source, and between the sample and the microscope lens. The filters were rotated until the shells of bivalves and gastropods appeared to 'glow' due to the birefringence caused by the crystalline structure of the shell (Gallager et al. 1989) . Lighting the samples in this way greatly facilitated sorting. Bivalve larvae were identified to genus and, when possible, to species using various identification guides (Thorson 1946 , Sullivan 1948 , Rees 1950 , Loosanoff et al. 1966 , Chanley & Andrews 1971 .
During the processing of the physical oceanographic data, current velocities were decomposed into alongshore and cross-shore components. Alongshore was defined as 20°W of true north. Contour plots of the distribution of the biological and physical data were made using the Noesys Transform contour plotting program with the Kriging option for gridding and interpolating. In these plots, the position of contours close to shore (within 5 km), because of the short distance between stations, are accurately depicted. As station spacing increased with distance offshore, the degree of confidence with which we viewed the position of contours decreased.
If larvae are acting as passive particles, then they should follow a water mass as it is displaced and the concentration of the larvae should be correlated to the physical parameters defining the water mass. If the larvae are not acting as passive particles, then significant correlations with the physical parameters should not be present. Spearman's Rank correlations between the concentration of the larval taxa and distance from shore, Table 1 . Biological sampling locations (distance offshore and depth). Sampling was reduced on 23 August due to rough seas depth, temperature, salinity, and density tested this hypothesis. Significance levels were modified following the Bonferroni correction for multiple correlations.
RESULTS
On 21 August, the first sampling date, upwelling conditions prevailed. Southwest winds had been blowing for 2 d prior to sampling (Waldorf et al. 1995) .
Beyond ϳ5 km from shore a strong thermocline was present (Fig. 2) . Within 5 km of shore, upwelling currents had drawn the thermocline upward such that water with characteristics of the top of the thermocline (salinity 32.4 to 34, temperature 23.5 to 20.5°C) contacted the surface. Surface currents (< 5 m depth) were offshore during this period and ranged from 10 to 30 cm s -1 (Waldorf et al. 1995 , Cudaback & Largier 2001 . On the next 3 sample dates (23, 24, and 25 August) strong winds blew from the northeast causing surface waters to move shoreward and downwell at the coast. The thermocline was bent downward until it contacted the bottom, and the bottom contact point moved steadily offshore over the period (Fig. 2) . The 20°C isotherm was located about in the middle of the thermocline. On 23 August this isotherm contacted the bottom at about 4 km from shore, on 24 August the contact point had moved offshore to about 7 km, and by 25 August it was 9 km offshore. Surface currents were onshore during downwelling days with flows ranging from 5 to 20 cm s -1 (Waldorf et al. 1995 , Cudaback & Largier 2001 . On 24 and 25 August, very low-salinity water (< 31) was present within 5 km of shore (Fig. 2) . This was an intrusion of Chesapeake Bay estuarine plume water; the intruding plume of water is characteristic of downwelling events at this location (Rennie et al. 1999 , Cudaback & Largier 2001 ). On 26 August, winds shifted to the southwest (upwelling favorable), and by 27 August (the last sampling date) upwelling was established. Under these conditions, plume water rose to the surface forming a lens of low-salinity water that was transported offshore. Upwelling surface currents were between 5 and 20 cm s -1 (Waldorf et al. 1995 , Cudaback & Largier 2001 . The thermocline, which on 25 August was contacting the bottom between 5 and 10 km offshore, was drawn shoreward and upward such that the top of the thermocline (22°C) was approaching the surface. During the week, as conditions shifted from upwelling to downwelling and back to upwelling, the waters within 5 km of shore were repeatedly exchanged with offshore waters from above (during downwelling) or below (during upwelling) the thermocline.
Given the extensive exchanges of water masses in the nearshore, the speed of the cross-shelf currents, and the slow bivalve larval swimming speeds, the hypothesis predicts that larvae will behave as passive particles in a flow and that during shifts from upwelling to downwelling they will be swept first seaward and then landward. The detailed zooplankton sampling allows a careful test of these predictions.
During the week most of the taxa enumerated displayed large day-to-day variations in abundance, with one or more days with very low abundances. Four bivalve taxa (Spisula solidissima, Ensis directus, Tellina spp., and Mulinia lateralis) were consistently abundant throughout the week and will be the focus of the analysis.
The distributions of larval Spisula solidissima and Ensis directus were significantly positively correlated with depth, salinity, and density and negatively correlated with temperature (Table 2), suggesting that the larvae tended to be found below the thermocline. This can be clearly seen in Fig. 3 , where larval concentrations are plotted with isotherms (a clear indicator of upwelling and downwelling conditions). On 21 August, a day of upwelling, these larvae were distributed below the thermocline and across the shelf with a small concentration adjacent to shore where the thermocline was bent upward by upwelling. On 23 August downwelling conditions prevailed; these larvae were still found below the thermocline, but the most inshore edge of their distribution was about 5 km offshore where, due to downwelling, the 20°C isotherm (near the middle of the thermocline) was bent downward and contacted the bottom. Downwelling continued on 24 and 25 August, and the larval distributions remained essentially unchanged from 23 August. Upwelling occurred on 27 August, and we saw larval distributions similar to those observed on 25 August; larvae were found below the thermocline, they were abundant across the shelf, and a concentration of larvae was present next to the coast where upwelling had bent the thermocline upward.
The larvae of Tellina spp. and Mulinia lateralis displayed a very different pattern of cross-shelf distribution. Their abundances were significantly negatively correlated only to distance from shore ( Table 2 ), indicating that they tended to remain close to shore throughout the week. During upwelling on 21 August, they were found within 5 km of shore and above 15 m depth (Fig. 4) in the upwelling water. On 23 August, the first day of downwelling, there were 2 centers of high larval abundance, one located within 5 km of shore at depths <15 m and the other about 9 km offshore below the thermocline at ca. 15 m depth. The distributions on 24 and 25 August, downwelling days, were similar; larvae were found within 7 km of shore and at depths <10 m. Between 25 and 27 August, upwelling commenced and the waters within ca. 5 km of shore were nearly completely replaced by upwelled waters (Fig. 2) . On 27 August, larvae were found within 4 km of shore and above 7 m depth. 
DISCUSSION
During the week of sampling, alongshore flow was to the north during upwelling and to the south during downwelling (Waldorf et al. 1995 , Cudaback & Largier 2001 . These alongshore currents were fast enough (cm to tens of cm s -1 ) to move waters kilometers in a day. To test the hypothesis that larval distributions were affected by upwelling and downwelling, we must look at the cross-shelf distribution of the larvae relative to the oceanography, but this analysis can be confounded by variations in abundance of larvae in the alongshore direction; discrete clouds of larvae distributed in the alongshore direction 'blown' past the sample transect may appear as variations in the cross-shelf distribution. In 2 earlier papers, we presented data sampled from a grid of stations during a downwelling (Shanks et al. 2002) and upwelling (Shanks et al. 2003) event. The grid consisted of 5 transect lines with stations extending 20 km offshore and 30 km alongshore. The data presented in this current paper were collected at the central transect line of this grid. The 24 August data, a day of downwelling, were collected during the sampling of the grid of transects. Along the central transect line, the larval distributions of the 4 bivalve taxa discussed in this current paper as well as most of the other taxa enumerated were the same as those seen at transect lines to the north and south (Shanks et al. 2002) ; the distributions of larvae were consistent in the alongshore direction. The data presented in Shanks et al. (2003) were collected earlier in August during an upwelling event, and here again we observed that the distributions of larvae in the cross-shelf direction were consistent across the grid of 5 transects. From these 2 papers we concluded that the cross-shelf distributions of many taxa of larvae, including those discussed in this current paper, were consistent in the alongshore direction. The abundances of the 4 taxa discussed in the present paper were consistent through the week of sampling and their cross-shelf distributions, as demonstrated by the previous studies (Shanks et al. 2002 (Shanks et al. , 2003 , were also consistent in the alongshore direction. For these 4 taxa, it is unlikely that variations in the cross-shelf distributions were due to variations in alongshore abundances. During the week of sampling, conditions shifted from upwelling (21 August) to downwelling (23, 24, and 25 August) and then back to upwelling (27 August). As conditions shifted from one oceanographic regime to another, the waters within ca. 5 km of shore were nearly completely exchanged with offshore waters. Cross-shelf current speeds ranged from several cm s -1 to several tens of cm s -1 (Waldorf et al. 1995 , Cudaback & Largier 2001 ; cross-shelf current speeds, therefore, were 1 to 2 orders of magnitude faster than the swimming speeds of bivalve larvae (≤ 0.1 cm s -1 ). Because the cross-shelf currents were so much faster than larval swimming speeds, the hypothesis predicts (Roughgarden et al. 1988 ) that bivalve larvae should behave as passive particles, during upwelling they should be transported offshore by Ekman transport, and during downwelling they should be transported back onshore.
Larval Spisula solidissima and Ensis directus were found below the thermocline. During downwelling, the thermocline was bent downward until it contacted the bottom at 5 or more km offshore. The waters landward of this contact point were composed of waters from above the thermocline and Chesapeake Bay plume water. During downwelling, these larvae were found below the thermocline and at distances > 5 km from shore. During upwelling, the waters within ca. 5 km of shore were moved offshore, drawing the thermocline toward the surface. S. solidissima and E. directus larvae continued to remain below the thermocline and were transported landward during upwelling. Through the week of sampling, as conditions changed from upwelling to downwelling and back to upwelling, larval S. solidissima and E. directus acted like passive particles, as the hypothesis predicts, and were swept back and forth across the shelf; however, their closest approach to shore occurred during upwelling, which is in opposition to that predicted.
In August, larval settlement to the nearshore adult population of Spisula solidissima (i.e. adults within 5 km of shore) probably occurred during upwelling as subthermocline waters with their entrained larvae were pulled shoreward. Ma (2001) studied the distribution and settlement of S. solidissima larvae at a more northerly site (still in the Mid-Atlantic Bight) and earlier in summer (July). He found larvae distributed above the thermocline and, at this time of year, water temperature above the thermocline were similar to those found below the thermocline in our August measurements; larvae of this species may have a preferred temperature range as has been observed in laboratory behavior studies of other bivalves (Hidu & Haskin 1978 , Mann & Wolf 1983 . In Ma's work, nearshore settlement of S. solidissima larvae occurred during downwelling events when water from above the thermocline was pulled downward and contacted the bottom. This observation suggests that larvae were, as the hypothesis predicts, transported shoreward by downwelling and seaward by upwelling. Consistent with the hypothesis, S. solidissima larvae appear to behave like passive particles in flow, but, depending on their position in the water column, their cross-shelf transport is either consistent with the hypothesislarvae above the thermocline are swept offshore in upwelling and shoreward in downwelling -or exactly opposite when larvae are found below the thermocline. One cannot predict the effect upwelling and downwelling will have on the distribution of larvae without knowing the vertical distribution of the larvae in the water column.
Despite extensive water mass exchange (Fig. 2 ) and cross-shelf currents 10 to 100 times faster than larval swimming speeds, most larval Tellina spp. and Mulinia lateralis remained within 5 km of shore. This was true in the present study as well as in the data reported in Shanks et al. (2002 Shanks et al. ( , 2003 . The distributions of these larvae do not fit the hypothesis; they clearly did not act like passive particles in the cross-shelf flow, upwelling did not carry them offshore, and downwelling did not carry them onshore -they remained in the nearshore waters. The following model suggests how slowly swimming ciliated larvae may accomplish this feat.
During downwelling, flow is shoreward at the surface, downwells near shore, and flows seaward at depth; in essence, downwelling generates a convergence near the shore. At convergences associated with oceanographic fronts, models and observations demonstrate that zooplankton, which maintain a preferred depth and swim upward against the downwelling flow, can become trapped in the flow field and concentrated (Franks 1992 (Franks , 1997 . At the nearshore convergence generated by downwelling, larvae that maintain a preferred depth, like organisms at a convergent front, may become trapped by the flow field and concentrated (Fig. 5) . During upwelling, flow is offshore at the surface, upwells near shore, and flows shoreward at depth; the flow field can be viewed as a divergence near the shore. In such a flow field, larvae that maintain a preferred depth may swim downward against the rising current and may become trapped and concentrated by the flow field (Fig. 5) (Olsen & Backus 1985 , Lennert-Cody & Franks 1999 . In upwelling or downwelling, larvae that maintain a preferred depth by swimming against vertical currents may become trapped near the coast by the flow fields.
If larvae attempting to maintain a preferred depth in the face of upwelling or downwelling currents fail to swim against the vertical currents, they will be swept toward the surface (upwelling) or bottom (downwelling) and into currents flowing offshore. As they are transported away from the coast the vertical currents will decrease to near zero and larvae can return to their preferred depth. Larvae swimming down from the surface during an upwelling event may enter the onshore flow associated with upwelling and be carried back toward the coast. The reverse may happen when larvae swim up from the bottom during downwelling. In either case, larvae swept out of the nearshore, by returning to their preferred depth, may be carried back toward the coast. Like a countercurrent exchange system, this would lead to the concentration of larvae near the coast.
For trapping to occur, larvae must swim against the vertical current. This could be accomplished by swimming up on a pressure drop and down on a pressure increase, behaviors that have been observed in laboratory studies of bivalve larvae (Cragg 1980 , Mann et al. 1991 . In addition, larvae must swim at least as fast as vertical current speeds. Bivalve larval swimming speeds are around 0.1 cm s -1 (Chia et al. 1984 ) and vertical currents during downwelling and upwelling off Duck were on the order of 0.01 and 0.1 cm s -1 , respectively (Shanks et al. 2002 (Shanks et al. , 2003 ; larval swimming speeds appear to be at least as fast as the vertical current speeds. This model suggests that simple behaviors, those within the capacity of larval bivalves, may allow larvae to remain next to the coast despite upwelling and downwelling.
In a recent paper (Genin et al. 2005) , the vertical displacement of individual zooplankters and vertical currents was measured simultaneously. Zooplankters were found to remain at a depth by swimming against upwelling and downwelling currents but were carried along passively with horizontal flow. Modeling of the behavior and flow field suggested that the combination would lead to concentrations of zooplankton during both upwelling and downwelling events, and subsequent field sampling confirmed the predictions of the model (Genin et al. 2005) . These observations are consistent with our model, which explains how slowswimming larvae might remain near the coast during upwelling and downwelling.
We conclude, as did Shanks et al. (2002 Shanks et al. ( , 2003 , that larvae, even very slow-swimming larvae, are not necessarily at the mercy of the currents. They can remain close to shore despite upwelling and downwelling. This conclusion is quite different from that reached by Roughgarden et al. (1988) , who concluded that barnacle larvae were swept offshore by upwelling and remained closer to shore during downwelling. This difference could be due to the organisms studied, barnacles vs. several species of bivalves. Surprisingly, we do not know the vertical distribution of larval barnacles except for some species that reside in estuaries (Bousfield 1955 , de Wolf 1974 . Perhaps Balanus glandula larvae, the focus of the Roughgarden et al. paper, are distributed above the thermocline, in which case they . Schematic of possible behaviors of larvae retained nearshore during upwelling and downwelling. Larvae may be retained near coast during downwelling (convergent flow against coast) if they try to maintain preferred depth in face of converging and downwelling flow. Conversely, larvae may be retained during upwelling (divergent flow at the coast) if they try to maintain a preferred depth in face of upwelling flow. For this to work, larvae must respond to pressure changes, swimming up on pressure drop and down on pressure rise, and must swim as fast or faster than vertical current speeds would be swept offshore by upwelling and onshore by downwelling. Cross-shelf currents during upwelling and downwelling change with depth. Hence, to understand how cross-shelf currents affect larval transport, we obviously need to know the depth distribution of the larvae and how this changes during their ontogeny. Alternatively, the difference between the studies may be one of sample design. Roughgarden et al. used samples collected by the California Cooperative Fisheries Investigation (CalCOFI). CalCOFI sampling was designed to investigate the biology of anchovy and sardine, fishes generally found over the continental shelf, and because of this aim, samples were not collected particularly close to shore. In the Roughgarden et al. study, samples were collected no closer than 9 km from shore. In the present study and in Shanks et al. (2002 Shanks et al. ( , 2003 , larvae unaffected by upwelling and downwelling were observed to maintain a distribution within ∼5 km of the coast. It is quite possible that barnacle larvae, like some taxa of bivalve larvae, are not swept offshore by upwelling, but, due to their behavior coupled with the physical oceanography, the bulk of the population remains close to the coast. The CalCOFI samples used by Roughgarden et al. would have missed this phenomenon entirely. With no sampling between 9 km and the shore, Roughgarden et al., in fact, could not test the hypothesis that upwelling sweeps larvae offshore and downwelling carries them back again.
One might argue that the waters off Duck, North Carolina and the Mid-Atlantic Bight in general are areas of weak upwelling while the west coast of North America is characterized by strong seasonal upwelling. Perhaps the difference between the 2 studies is due to this difference in upwelling regimes. Poulin et al. (2002) , however, found that along the Chilean coast, an area of strong persistent upwelling, competent larvae of the gastropod Concholepas concholepas were not transported offshore by upwelling. In our study, waters within ca. 5 km of shore were nearly completely exchanged with offshore water during each shift in oceanographic regime. During this type of water mass exchange, truly passive particles (e.g. dye) are washed offshore (Csanady 1972a (Csanady ,b, 1974 . Larval bivalves did not act like a dye tracer; instead they remained close to shore despite the exchange of water masses. While upwelling is less persistent in the Central Atlantic Bight than off California, the offshore surface currents generated by Ekman transport are comparable in speed in both places and much faster than the swimming speed of most larvae; in both locations the offshore flow is 1 to 2 orders of magnitude faster than the swimming speeds of small larval invertebrates, and hence the larval bivalves we sampled, if the hypothesis was supported, should have been swept offshore by upwelling.
On the west coast of North America, the upwelling season commences in the spring when the direction of the coastal winds shifts seasonally. As the upwelling season progresses, the California Current is increasingly perturbed and large offshore jets (or squirts) of water and eddies form offshore of the large capes and headlands (Strub & James 2000) . Researchers have speculated that these headland jets transport larvae of coastal species far out to sea and away from settlement sites at the shore, that alongshore variation in the distribution of jets and, hence, offshore larval transport leads to variation in settlement at the coast, and that the alongshore variation in larval settlement results in alongshore variation in community structure (Roughgarden et al. 1988 , Alexander & Roughgarden 1996 , Connolly & Roughgarden 1999 , Connolly et al. 2001 ). This train of reasoning is dependent on the first stepare larvae of coastal species transported offshore by jets? Research has demonstrated that headland jets transport the larvae of continental shelf fishes offshore (Fiedler 1986 , Haury et al. 1986 ), but we can find no similar studies that have tested the hypothesis that the larvae of nearshore or intertidal species are transported offshore by jets. There are correlative studies that have related the distribution of headland jets to the distribution of settlement and recruitment (Ebert & Russell 1988 , Alexander & Roughgarden 1996 , Connolly et al. 2001 ), but a correlation suggests a hypothesis to be tested, not cause and effect.
Among the ways physical oceanographers have studied the jets is by following the path of current drifters released over the continental shelf. Most drifters have been released tens of kilometers from shore, and these drifters are rapidly swept offshore by the jets and become entrained in the eddies (Barth & Smith 1998 , Barth et al. 2000 . The few drifters that have been released nearer the coast and landward of the upwelling front, however, have not been caught up by the jets and swept offshore; rather they have drifted back toward the coast (Barth & Smith 1998 , Barth et al. 2000 . In addition, modeling and measurements suggest that cross-shelf movement of water decreases as the coast is approached (Austin & Barth 2002 , Austin & Lentz 2002 , Largier 2003 ). These observations suggest that larvae of coastal organisms that remain close to shore may not experience offshore displacement by the headland jets and eddies. The hypothesis that larvae of coastal organisms are swept offshore in headland jets and eddies obviously needs testing.
If slow-swimming larvae, bivalve larvae, can remain near the coast despite upwelling and downwelling, then essentially all types of larvae have this potential. In fact, some dinoflagellates swim so fast (Kamykowski et al. 1992) that they may at times have this potential as well. If all larvae have this potential, then it makes more sense, from an evolutionary perspective, that the larvae of coastal species remain near the coast and future settlement sites rather than allowing themselves to be swept offshore. In fact, in the California Current system, larvae of nearshore fishes and benthic crustaceans (e.g. adult depth distribution < 30 m) tend to be abundant in very nearshore waters (e.g. within 3 km of shore) and rare in offshore waters (e.g. > 20 km from shore), while larvae of continental shelf and slope species tend to be found far from shore and not close to shore (Shanks & Eckert 2005) .
We tested the hypothesis that larvae are swept offshore by upwelling and onshore by downwelling. For the same species, the hypothesis at times successfully explains larval distribution and transport (Ma's observations of Spisula solidissima in July) (Ma 2001) , while at other times it does not (our observations of the same species in August). For species such as S. solidissima, the hypothesis successfully explains their distribution when they are found in the surface water above the thermocline, but if they are distributed below the thermocline, then upwelling will carry them onshore. Obviously, to understand how upwelling and downwelling affect larval transport, one must know the vertical distribution of the larvae. For some types of larvae, e.g. slow-swimming ciliated larvae, the hypothesis was rejected; they were not swept offshore during upwelling, nor were they swept onshore by downwelling. The proposed behavior model suggests that slow swimming coupled with a simple depth-keeping behavior may maintain larvae close to a coast despite upwelling and downwelling. Given the very slow swimming speed of bivalve larvae, we conclude that there is no reason to expect that any type of meroplankter is swept offshore by upwelling. The effect of upwelling and downwelling on larval distributions varies with species. Without careful field sampling during upwelling and downwelling, one cannot invoke offshore transport by upwelling as an explanation for patterns of larval settlement.
